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A number of reports have described different Doppler
echocardlographlc methods to calculate left ventricular
stroke volume and. cardiac output, but the clinical ap-
plication of the , noninvasive measurements of cardiac
function remains in the early stages of development. This
slow dissemination may be partly explained by the vary-
ing success of these ultrasound methods in determining
accurate left ventricular stroke volume. The purpose of
this study was to improve the simplicity and accuracy
of Doppler stroke volume determination so that it could
be more easily applied to patient management.
Stroke volume was measured using the product of
the integral of aortic velocity obtained by continuous
wave Doppler technique and the M·mode tracing of the
aortic valve, validating the data against cardiac output
obtained by thermodilution technique in 41 patients
(r = 0.95, SEE = 7 cc), Intra- and interobserver var-
iability was between 9 and II %. The results of different
Since its development in the early 1970s, Doppler echo-
cardiography has occupied a position of increasing impor-
tance in the assessment of patients with valvular heart dis-
ease (I). Continuous wave and pu.lsed Doppler recordings
have the potential for extended non invasive hemodynamic
monitoring in critical care situations and for serial assess-
ment in chronic cardiac disease (2- 7). After extensive work
and research in the field, we are still remote from widespread
clini cal application of noninvasive left ventricular stroke
From the Cardiovascular Division of the Department of Medicine . and
the John Henry Mills Echocardi ograph y Laboratorie s. University of Cal-
ifornia, San Francisco , Cal ifornia . Dr. Bouchard was supported by Grant
830556 from the Quebec Health Research Foundat ion, Quebe c, Canada .
Manuscript received February 10, 1986; revised manuscript received
July 3, 1986, accepted August 22, 1986 .
Address for reprints: Alain Bouchard , MD. The University of Alabama
at Birmingham, Department of Medic ine. Division of Cardiovascular Dis-
ease , Room 321 Tinsley Harrison Tower, Birmingham. Alabama 35294 .
© 1987 by the American College of Cardiol ogy
sampling sites and the temporal relation between Dop-
pler and thermodilution measurements were also stud-
ied. Analysis of 21 patients who had M-mode and two-
dimensional echocardiographic studies of the aortic root
revealed that the method using M·mode measurement
of aortic valve area was most accurate in determining
left ventricular stroke volume (r =0.94, SEE = 10 cc),
stroke volume being overestimated when area measure-
ments of the ascending aorta were used.
In conclusion, maximal ascending aortic velocity de-
termined by continuous wave Doppler echocardiography
with M-mode measurement of aortic valve area can be
used to calculate left ventricular stroke volume arid car-
diac output. The simplicity and practicality of this method
should enhance the clinical application of Doppler echo-
cardiography as a noninvasive monitoring technique.
(J Am Coil CardioI1987;9:75-83)
volume and cardiac output measurement (8). This is most
readily explained by the vary ing success of Doppler echo-
cardiography in accurately determining left ventricular stroke
volume .
Left ventricular stroke volume can be calculated from
the product of the Doppler velocity .integral and cross-sec ~
tional area of the sampling site. Thi s site can be the upper
left ventricular outflow tract, the aortic valve ring, the aortic
leaflet , the sinotubular junction or the proximal ascending
aorta. Both variables (Doppler velo city integral and cross-
sectional area) can be implicated as potential sources of
error (9-1 2) . For example, difficulties have been encoun-
tered in measuring the diameter of the ascending aorta and
overestimations of cardiac output (up to 200 %) have been
reported when maximal flow velocities in the ascending
aorta and the smallest aortic diameter were used (13).
Knowing that the aortic valve opening is proportional to
stroke volume in patients with a normal aortic valve (7),
0735-1097/87/$3 .50
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and assuming that in normal subjects the opening of the
aortic valve in systole defines the narrowest portion of the
outflow tract and is therefore likely to be the site where flow
velocity is maximal, we verified that a method that combines
a measure of both that maximal velocity and the aortic valve
orifice should allow more accurate calculation of left ven-
tricular stroke volume throughout a wide range of cardiac
outputs. This study describes our findings when we eval-
uated this method for Doppler quantitation of left ventricular
stroke volume and cardiac output using maximal aortic flow
velocity by continuous wave Doppler echocardiography and
maximal aortic valve opening as measured by M-mode echo-
cardiography.
Methods
Patient selection. Our study group consisted of 43 pa-
tients (17 women and 26 men, aged 25 to 78 years) who
underwent diagnostic cardiac catheterization . There were
two patient subgroups. Thirteen consecutive patients (mean
age 54 ± 15 years, four women and nine men) studied in
the coronary care unit had simultaneous Doppler echocardi-
ography and thermodilution output determinations . The di-
agnosis in these patients included cardiomyopathy (n = 10)
and primary pulmonary hypertension (n = 3). In these
patients, several simultaneous Doppler studies and ther-
modilution output determinations were done, for a total of
45 observations. The remaining 28 patients (mean age
48 ± 13 years, II women and 17 men) investigated for
coronary artery disease (n = 23) or mitral regurgitation
(n = 5) had thermodilution cardiac output determination
and Doppler echocardiography within 24 hours of one an-
other. The etiology of mitral insufficiency included ischemic
heart disease, bacterial endocarditis, mitral anular calcifi-
cation and prosthetic valve dysfunction.
Four patients had atrial fibrillation, I had ventricular
trigeminy, I had frequent ventricular extrasystoles and the
remaining 35 patients had normal sinus rhythm . One patient
had pulsus paradoxus. Patients with aortic valve stenosis or
sclerosis , a prosthetic aortic valve, subaortic or supraaortic
stenosis or aortic insufficiency were excluded from the study.
These diagnoses were made on the basis of clinical exam-
ination and Doppler echocardiography. The original study
group consisted of 43 patients but two of these patients were
excluded, one because of subaortic stenosis and a peak flow
velocity of 2.5 m/s across the left ventricular outflow tract
and one because aortic valve sclerosis made it impossible
to determine accurately the aortic valve diameter.
Cardiac catheterization. Thermodilution cardiac output
was obtained from a flow-directed pulmonary artery catheter
using a standard protocol: four injections were administered
and the cardiac output value was taken as the mean of three
readings that agreed within 10%. The stroke volume was
obtained by dividing the cardiac output by the heart rate.
Aortic valve area measurement. An M-niode echo-
cardiogram through the aorta at the level of the aortic valve
was recorded from a two-dimensional image. When the
walls of the aorta appeared to move in a parallel fashion a
recording was made from which the distance between the
aortic leaflets inearly systole was measured at the tip of the
valve from the trailing edge of the right coronary cusp to
the leading edge of the noncoronary cusp (Fig . 1). The aortic
orifice is roughly circular during that period and its area is
computed from this M-mode echocardiographic measure-
ment:
(AVA = 7T x AVD2/4),
where AVA = aortic valve area and AVD = aortic valve
leaflet diameter. All recordings were acquired with the pa-
tient ina steep left recumbency position during suspended
respiration .
Ascending aortic area measurements. Although all 41
patients had adequate continuous wave Doppler and M-
mode and two-dimensional echocardiographic studies of the
aortie valve leaflets, only 21 patients had both adequate
two-dimensional images of the ascending aorta above the
sinotubular junction and at the aortic ring in combination
with Doppler recording. Nineteen of these 21 patients (mean
age 48 ± 15 years) underwent cardiac catheterization within
24 hours of the noninvasive study and 2 underwent the
studies nearly simultaneously; 5 patients had mitral insuf-
ficiency. The diameter of the ascending aorta was obtained
from the two-dimensional echocardiogram in the parasternal
long-axis view and was measured from trailing edge to
leading edge (inner to inner) of the aortic wall, at the si-
notubular junction. Diastolic diameter was measured at the
Q wave of the electrocardiogram, just before aortic valve
opening, and systolic diameter was measured in early systole
immediately after the opening of the aortic leaflets using
frame by frame analysis of the video recording of the two-
dimensional echocardiogram. The diameter of the aortic
valve anulus was measured in systole from trailing edge to
leading edge of the aortic valve ring.
Doppler aortic blood flow velocity measurements. These
were made using a spectrum analyzer-based continuous wave
Doppler echocardiograph (Irex Corporation model 38) . Flow
velocity patterns and an electrocardiographic tracing were
displayed in real time on the oscilloscopic screen and re-
corded on glossy black on white electrostatic paper at a
speed of 50 mm/s . Blood flow through the aortic valve was
studied using a 2.25 MHz split crystal stand-alone angulated
(Pedoff) transducer positioned sequentially at the apex with
the patient in steep left lateral decubitus , at the suprasternal
notch with the patient in dorsal decubitus and in the second
or third parasternal space with the patient in a steep right
recumbency. The trarisducer was angulated until Doppler
blood flow velocity signals were obtained. Minor manipu-
lations of the transducer were performed until maximal blood
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Figure 1. The aortic valve of a normal patient by
M-mode (upper left) and two-dimensional echocardi-
ography (upper right). The blaek arrow indicates
where the diameter was measured. Inearlysystole, the
aortic orifice is roughly circular (white arrow). The
lower tracing illustrates theaortic blood flow velocity
(open arrows) obtained by continuous wave Doppler
ultrasound with thetransducer positionedconsecutively
at the apex andthesuprastemal notch . (Each dot mea-
sures I cm on the M-mode echocardiographic tracing
and I m/s on the Doppler tracing.)
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flow velocity was detected. The maximal velocity was iden-
tifi ed by listening to the audio signal and by noting the peak
velocity from the tracing visualized on the oscilloscopic
screen. The velocity signals from the three positions were
compared and the one position that gave the maximal ve-
locity was used in all calculations.
In the coronary care unit , the Doppler measurements of
the 13 patients were made immediately after the last injec-
tion of the thermal indicator, and cardiac output and stroke
volume by the two methods were compared. However, only
left ventricular stroke volume was measured in the 28 pa-
tients in whose thermodilution and Doppler studies were
performed nonsimultaneously (24 hours apart), because in
such studies there is often a wide variation in the heart rate ,
which infl uences the cardiac output measurement.
In 10 consecutive patients , studies were performed to
determine interoperator variability in obtaining the Doppler
left ventricular stroke volume. The studies were performed
by different technicians, within 30 minutes of each other,
and were analyzed and measured by an independent ob-
server. This same observer remeasured random samples of
the tracings at least 6 weeks later so as to provide a test of
intraobserver measurement variability. This variability was
expressed as a percent error for each measurement and was
determined as the difference between the two observations
divided by their mean value. Informed consent for the Dop-
pler echocardiography and the right heart cardiac catheter-
ization protocol was obtained from each patient.
Data anal ysis. The method for measuring the various
systolic blood flow velocities in the ascending aorta is de-
picted on a normal ascending aortic flow velocity tracing
(Fig. I). The area under the flow velocity curve or flow
velocity integral was electronically measured with a pla-
nimeter using a light pen system. The smooth outer edge
was outlined, excluding spikes from the tracing. Each mea-
surement was calibrated for I m/s (vertical axis) and for I
second (horizontal axis). In patients with normal sinusrhythm,
an average of three maximal velocity measurements was
taken. In patients with rhythm or hemodynamic distur-
bances, the average of 10consecutive, well defined velocity
measurements was obtained by planimetry. These included
premature ventricular contractions. The flow velocity in-
tegral has units of length and represents the distance that a
column of blood moves through the aortic valve during
systole. The stroke volume is calculated by taking the prod-
uct of this distance and the aortic valve area.
Planimetry of the Doppler signal and aortic valve mea-
surements were performed independently of the catheter-
ization data and compiled separately by different observers
so that all data were acquired in a blinded fashion.
Statistical analysis. Doppler stroke volume was com-
pared with thermodilution stroke volume using linear regres-
sion to obtain a correlation coefficient and an equation de-
fining the relation. Doppler cardiac output was also compared
with thermodilution output using regression analysis. To
evaluate the scatter between Doppler and thermodilution left
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6 ± 12 cc (p < 0.05) versus I ± 8 cc for the suprasternal
notch (p == NS) and a slight overestimation of I ± 6 cc
for the right parasternal area (p == NS) . Overall, the suc-
cessful rate in obtaining the Doppler signal was 40% for
the right parasternum compared with 88 and 96% for the
suprasternal notch and the apex , respectively.
To analyze the effect of temporal proximity on thermo-
dilution and Doppler stroke volume comparison. we plotted
the results of left ventricular stroke volume calculations for
each of our two groups of patients (Fig. 4). As expected.
Doppler calculation was closer to thermodilution calculation
of stroke volume in the coronary care unit where the two
studies were done within 5 minutes of each other. The mean
60
Figure 3. Relation between Doppler stroke volume measured from
different windows and that measured by thermodilution. Mea-
surements made from the suprasternal (SN) or right parasternal
(PARA) signals correlated better with thermodilution measure-
ments .
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ventricular stroke volume determinations , the mean and
standard deviation of paired differences between individual
measurements was obtained using a paired t test and was
expressed as absolute values (in cubic centimeters). The
95% confidence limits for a given measurement correspond
to 2 SD of the mean paired differences.
Figure 2. Correlation between left ventricular stroke volume mea-
sured by continuous wave Doppler technique (DOP) (integral of
maximal aortic flow velocity and aortic valve area by M-mode
echocardiography) and by thermodilution.
Results
Left ventricular Doppler stroke volume versus ther-
modilution stroke volume. Seventy-three successful ob-
servations by Doppler echocardiography were obtained in
the 41 patients, but no more than 10 observations were made
on any I patient. The average peak velocity was 1.17 mls
(range 0 .6 to 1.7), and the average aortic valve diameter
was 2.01 em (range 1.4 to 2.9) . The maximal velocity used
in the left ventricular stroke volume calculation was obtained
from the suprasternal notch in 41% of the cases , from the
apex in 38%, from the parasternum in 17% and from the
suprasternal notch or apex in 4%. The mean Doppler stroke
volume was 59.1 cc (range 24 to 137) and the mean ther-
modilution stroke volume was 58.8 cc (range 27 to 148)
(Fig. 2) . The high correlation (r == 0 .95) between Doppler
and thermodilution stroke volume is due in part to the four
patient s with a very high stroke volume . If we exclude these
four patients, the r value == 0.91 and SEE == 7 cc.
Stroke volume measurements made with the Doppler sig-
nal obtained from the suprasternal notch or right para-
sternum were slightly more accurate than those obtained
from the apex (Fig. 3). Compared with thermodilution, the
Doppler flow velocity taken from the apex underestimated
the left ventricular stroke volume calculation by a mean of
JACC Vol. 9, NO.1
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(± SD) of the paired differences was 0.73 ± 3.78 cc. When
the two studies were done within 24 hours, there was still
a good correlation in stroke volume measurements, and the
mean (± SD) of the paired differences was I ± 10 CC. This
slight overestimation of stroke volume by Doppler calcu-
lation when done 24 hours apart from thermodilution may
be due in part to the lower heart rate of the patient during
the noninvasive Doppler evaluation (74 ± 16 versus 82 ±
17 beats/min, p < 0,05),
The comparison of thermodilution stroke volume with
Doppler stroke volume obtained using diameter of aortic
valve leaflets. aortic valve ring and ascending aorta is shown
in Figure 5. The mean aortic valve leafletand ring diameters
were 2.0 ± 0,3 em and 2.1 ± 0.2 em, respectively. Eight
patients had an aortic valve leaflet diameter larger than the
aortic valve ring (mean 1.2 :t 1,3 mm). The mean diameters
of the ascending aorta in systole and diastole were 2.4 ±
0.3 ern and 2.2 ± 0,2 ern, respectively (8% variation). The
mean of the paired difference between thermodilution and
Doppler stroke volume using aortic valve leaflet and ring
was 0.57 ± 10 cc and 0.86 ± 14 cc, respectively (Fig.
5A). The regression equations describing the relation be-
tween thermodilution (TD) and Doppler (DOP) stroke vol-
,
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Figure 4. Effect of temporal proximity of Doppler and thermo-
dilution stroke volume comparison. Doppler calculations were closer
tothermodilution measurements inpatients whose two studies were
done within 5 minutes ofeach other (top)than they were inpatients
whose two studies were done within 24 hours (bottom).
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Figure 5. A, Relation between Doppler stroke vol-
ume using aortic valve ring diameter (left) andaor-
tic valve leaflet diameter (right) and that measured
by thermodilution, B, Relation between thermodi-
lution and Doppler stroke volume using the two-
dimensional echocardiographic diameter of the as-
cending aorta at the sinotubular junction in early
systole (left) and diastole (right). Note the over-
estimation of leftventricular stroke volume in both
cases.
25
B
1., j
50 r.
I L ~ L. _ ___L
100 125 ISO 25 50
Thermodilution
1.- ~ _1_ __--I
75 100 125 150
80 BOUCHARD ET AL.
DOPPLER MEASUREMENT OF STROKE VOLUME
JACC Vol. 9, No. I
January 1987:75-83
ume using the aortic valve leaflet was DOP = 0.94 x
TD + 4.6 and using the aortic valve ring was DOP =
0.62 x TD + 26.8. Using ascending aortic diameter in
systole overestimated Doppler stroke volume calculation by
23 ± 31 cc compared with thermodilution and by 6 ± 19
cc when using the diastolic diameter (Fig. 5B).
Left ventricular Doppler cardiac output versus ther-
modilution cardiac output. Forty-five successful Doppler
observations were obtained in the 13 coronary care unit
patients (Fig. 6). A maximum of 10 observations were made
in anyone patient. The average aortic valve diameter was
1.88 em (range 1.4 to 2.2). The average maximal aortic
blood flow velocity was 1.13 m/s (range 0.6 to 1.7). The
signal was obtained from the suprasternal notch in five pa-
tients, from the apex in five patients and from the right
parasternum in three patients. Thermodilution cardiac output
varied from 2.5 to 7.5 liters/min. Nine patients had phar-
macologic intervention (vasodilators) during observation.
The change of cardiac output detected by the Doppler study
varied from - 1.1 to 3.0 liters/minand correlatedwith changes
of cardiac output detected by thermodilution method (r =
0.88, SEE = 0.4 liters/min).
Observer variability. The intra- and interobserver var-
iability in the left ventricular stroke volume measurements
was 8.6 ± 6% and 11.1 ± 5%, respectively. The percent
error between the two observers was 8.3 ± 7.7% for max-
imal aortic blood flow velocity and 4.5 ± 2.1% for aortic
valve diameter.
Discussion
Optimal anatomic site for recording cross-sectional
area. In patients with normal cardiac anatomy, the blood
flow ejected is laminar with a flat velocity profile and the
anatomic cross-sectional area corresponds to the cross-sec-
tional area of flow, In these patients, the left ventricle is
the major determinant of aortic valve opening (14) and aortic
blood flow velocity. In left ventricular failure, the aortic
valve opens poorly and the Doppler flow velocity is reduced
reflecting the diminished left ventricular stroke volume. For
example, Figure 7 illustrates the M-mode echocardiogram
and Doppler velocity tracing of a patient with congestive
heart failure and trigeminal rhythm. When the premature
beat occurs (third beat on the tracing), the left ventricle has
less time to fill and ejects a smaller stroke volume illustrated
by both reduced aortic valve opening and aortic flow ve-
locity.
Figure 7. M-mode echocardiographic tracing through aortic valve
(~op) and ao~ic flow velocity tracing (bottom) of patient in conges-
tive heart failure and ventricular trigeminal rhythm. The premature
beat ejects a smaller stroke volume illustrated both by reduced
aortic valve opening (arrow) and aortic flow velocity (arrow).
These tracings are not simultaneous. The calibration is the same
as for Figure I.
Figure 6. Relation between cardiac output obtained by Doppler
and the'!llodilution techniques (top) and correlation between changes
of cardiac output detected by Doppler and thermodilution tech-
niques (bottom). Most of the discrepancies occurred when mea-
suring relatively small changes of cardiac output.
7 CARDIAC OUTPUT
(094 ~
SEE 04 L/mt;J;nl/.'
N045 • •
•
.eA·
/
DOP:89 x TO +.4•1
Il,:----,----,:----,------,----,----,
1
3
Doppler
CUmin)
o
• 6DDP:76x6TD-.2
-2 -I 0 2 3 4
Thermodilution CL/min)
JACC Vol. 9. No. I
January 1987:75-83
BOUCHARD ET AL.
DOPPLER MEASUREMENT OF STROKE VOLUME
81
The results of our clinical validation study indicate that
measurements of left ventricular stroke volume and cardiac
output using the integral of maximal aortic blood flow ve-
locity by continuous wave Doppler study and aortic valve
orifice by M-mode echocardiography are possible and cor-
relate very well with thermodilution measurements over a
wide range of cardiac output and stroke volume . Differences
between Doppler and thermodilution measurements appear
random with maximal discrepancies of 0.6 liters/min for
cardiac output and 18 cc for left ventricular stroke volume .
Aortic valve leaflet diameter. As shown by Gardin et al.
(15) peak velocity occurs very early in systole (98 ± 10
ms). At this time, the aortic valve is fully opened and cir-
cular in shape; later on it becomes triangular as less blood
passes through. It is for this reason and because of its sim-
plicity and easy applicability that we measured aortic valve
diameter (AYO) in early systole and calculated aortic valve
area from 1T x AYD2/4, instead of integrating aortic valve
diameter throughout systole. Errors can be made when mea-
suring aortic valve diameter if the M-mode beam is tan-
gential to the aorta. Because the diameter is squared, an
error on a smaller diameter (valve) will not influence the
area as much as an error on a larger diameter (aorta). In
patients with thickening of the aortic valve (aortic sclerosis)
this diameter might be impossible to determine . In this study
one patient had to be excluded because of that problem.
Ascending aorta diameter. Other studies have used the
diameter of the ascending aorta . Most of the studies (5)
using systolic measurements of the aorta correlated poorly
with thermodilution measurements when absolute cardiac
output values were considered. Other authors (6,7), using
A-mode aortic diameter in diastole, observed a very good
correlation with thermodilution data (r = 0.94). Because
the diameter of the aorta varies during the cardiac cycle, it
is unclear whether a diastolic dimension of ascending aorta
should be used to measure a systolic variable of ventricular
function like stroke volume. Results with A-mode mea-
surements of ascending aorta cannot be projected to results
of left ventricular stroke volume calculation using two-di-
mensional echocardiography . In our study, there was a poorer
correlation between Doppler and thermodilution stroke vol-
ume when two-dimensional echocardiographic diameter of
the ascending aorta was used (systolic or diastolic). There
was a consistent overestimation of stroke volume by Doppler
technique that could hot be explained by difference in heart
rate . Ihlen et al . (II) also found an overestimation of Dop-
pler stroke volume using mean ascending aortic diameter.
Aortic valve ring diameter. Calculation of left ventricular
stroke volume by Doppler technique using aortic valve ring
diameter yielded a good correlation with thermodilution
(r = 0 .90); however, there was a slight tendency to over-
estimate left ventricular stroke volume at lower values. The
aortic valve ring, which has a nearly fixed diameter, would
not be expected to follow the changes of left ventricular
output as well as the aortic valve leaflets (Fig . 7). In eight
instances, stroke volume measured using the leaflet cross
section exceeded the stroke volume measured using the aor-
tic ring cross section, a finding that may indicate overes-
timation of the leaflet measurement when the leaflets are
slightly oblique or underestimation of the aortic ring di-
ameter when the gain of the two-dimensional image is set
too high . This difference of measurement may be accounted
for partially by the limits of resolution of each technique
(M-mode and two-dimensional echocardiography) . These
small differences of diameter measurement will be exag-
gerated when aortic valve area is calculated (rrr').
Limitations and advantages. Aortic valve disease pre-
sents a limitation to this method: it is not applicable to
patients with aortic stenosis, sclerosis and insufficiency or
to patients with a prosthetic aortic valve or supra- or sub-
aortic valve stenosis. In this study two patients had to be
excluded for such reasons. However, cardiac output deter-
mination could be obtained in these patients by pulsed Dop-
pler technique using the mitral valve orifice method (17) in
patients free of mitral valve disease or the left ventricular
outflow method (18) in patients free of aortic insufficiency
or subaortic stenosis. Aside from these conditions, the sim-
plicity and the accuracy of this method using the M-mode
echocardiography of the aortic valve should make it an ideal
method of calculating left ventricular stroke volume and
cardiac output. For these reasons and because it requires
the fewest assumptions about local flow conditions we be-
lieve it should be used preferentially in patients with a nor-
mal aortic valve .
Recording of flow velocity integral. In the present study,
three different locations were used in an attempt to detect
maximal aortic blood flow velocity . Using only one window
increases the error probability in estimating the true stroke
volume . Although easier to obtain , aortic velocity acquired
from the apex and used in the calculation of left ventricular
stroke volume underestimated the actual stroke volume by
6 ± 12 cc . In general, stroke volume obtained from the
suprasternal notch or right parasternum was more accurate .
Labovitz et al . (19) also found a better correlation when
many sample sites were used . Using three locations per-
mitted us to determine left ventricular stroke volume and
cardiac output in every patient. However, patients in the
intensive care unit (surgical and medical) were not included
in this study. In these patients, the parasternal views are
sometimes very difficult (lung disease, poststernotomy and
so on) and this might make the evaluation of the aortic valve
difficult . Using the suprasternal notch window, Huntsman
et al. (16) were able to monitor Doppler cardiac output in
85% of intensive care unit patients.
Limitationsand precautions . One limitation of this method
is that of the continuous wave Doppler technique itself.
Because the method of detecting the aortic velocity by using
a stand-alone transducer is essentialIy blind, we cannot be
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certain of where we arc sampling. We know from pulsed
Doppler recording that the highest peak flow velocities are
recorded deep in the ascending aorta. near the aortic valve
(15). The velocity tracings at that level have well defined
contours and demonstrate an absence of spikes. The probe
that we used measured blood flow velocities at all points
along the pathway of the Doppler signal. and when maximal
velocity is recorded. we assume that it represents the ve-
locity of blood crossing the aortic valve orifice. To detect
maximal velocity, the Doppler signal should be parallel to
flow. With small angles the cosine function is very near
unity. In the Doppler equation
where f~ = Doppler frequency shift, fo = transmitted
frequency, V = velocity of erythrocytes, C = velocity of
sound in blood and () = angle between the ultrasound beam
and the blood flow vector. we assumed that this angle is 0°
so that cosine (COS) () = I. This COS () value changes
slowly for small angles but a nonzero angle will always
cause the velocity to be underestimated. In an attempt to
be as parallel to flow as possible, several locations should
be used to record maximal blood flow velocity. Also, flows
from other cardiac chambers, veins or vessels can be su-
perimposed on the aortic waveform. We believe that this
problem can be minimized when the probe is dose to the
area sampled. Probe proximity may explain why the aortic
velocities obtained from the right parastemum gave a more
accurate left ventricular stroke volume determination than
those from the apex or the suprasternal notch.
Measurement of changes in hemodynamics. We found
a good correlation (r = 0.88) between continuous wave
Doppler and thermodilution changes in cardiac output (Fig.
6). This has also been reported by others (3,4,6.16). The
changes in cardiac output were primarily due to changes in
stroke volume (Fig. 4, upper). These multiple observations
on the Same patients (n = 9) could possibly inflate the
correlation coefficient (r value). We would like to think that
this method is sensitive to the hemodynamic changes in-
dependently of the patients studied. To analyze this ques-
tion. we plotted separately the results of stroke volume
measurement in the eight patients who had multiple mea-
surements after an intervention. The lines of regression.
although different for each patient. were not too deviant
from each other. The slopes were: 1.1. 0.6, 0.7, 1.1, 0.9.
0.8. 0.9 and 0.6. respectively. This permits us to say that
the method is independent of the patients themselves and
sensitive to the hemodynamic changes that occurred. The
results in one patient could not be tested by linear regression
analysis because of the absence of change in stroke volume
with a vasodilator.
f6
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However. there are significant discrepancies between ab-
solute changes of cardiac output detected by Doppler and
thermodilution techniques in our study group. These dif-
ferences in changes of cardiac output can be as high as I
liter/minand may be attributed to variation in the techniques.
To evaluate the variation of stroke volume measurement
within the Doppler technique, the studies were performed
by different personnel, all with training in echocardiog-
raphy. There was a relatively low interobserver variability
in left ventricular stroke volume measurements (I 1%) re-
lated to either variability in obtaining the aortic valve di-
ameter (5%) 0; maximal aortic blood flow velocity (8%).
The time interval between Doppler and thermodilution
studies was not as influential on the left ventricular stroke
volume comparison as we would have predicted. In the
coronary care unit. ~here the two studies were done within
5 minutes of each other, there was a 9Yk confidence that
an average Doppler stroke volume would be within 8 cc of
the average thermodilution stroke volume; when the two
studies were done within 24 hours we could expect with
95% confidence that an average Doppler determination of
stroke volume would be within 10 cc of the average ther-
modilution stroke volume.
The thermodilution technique may [all short of an ideal
reference standard (20). Maruschalk et aJ. (21) demon-
strated (in vitro) that seemingly minor changes in injection
technique can overestimate cardiac output and produce er-
rors as great as 59%. Although there are certain drawbacks
to the thermodilution technique. it has been useful in the
hemodynamicevaluation and monitoring of patients in crit-
ical condition. Therefore. it is reasonable to compare a new
method of evaluation of stroke volume and cardiac output
with the thermodilution method. which already has wide-
spread acceptance among clinicians.
Conclusion. Left ventricular stroke volume and cardiac
output may be determined noninvasively by continuous wave
Doppler echocardiography using the maximal ascending aortic
flow velocity and aortic valve orifice diameter rather than
the ascending aorta diameter. This method is simple, ac-
curate and practical and should enhance the clinical value
of Doppler echocardiography for providing noninvasive
hemodynamic measurements and monitoring.
We are grateful to Yinnie Yee and Jan Sundstrom for technical assistance.
to Nancy Philips. PhD for statistical assistance and to Valerie Helmold for
preparation of the manuscript.
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